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Abstract Background Matrix metalloproteinase (MMP)-9 plays an important role in liver regenera- 

tion after liver surgery. MMP-9 behavior is complicated in cold ischemia/warm reperfusion 
injury (CIWRI) and/or shear stress with portal hypertension. Small-for-size grafts (SFSGs) 
are also an issue. 

Materials and Methods We used a rat model to examine MMP-9 expression 6 h after lapa- 
rotomy a temporal clamp (Pringle maneuver), orthotopic liver transplantation (OLT) with 
a whole-liver graft (100% OLT), partial hepatectomy without the Pringle maneuver (60% 
hepatectomy) and split orthotopic liver transplantation (SOLT) with a SFSG (40% SOLT) were 
investigated. Four liver samples were collected in each group. 

Results The normalized ratio of MMP-9 was not significantly different with a temporal clamp 
(P = 0.1963), 100% OLT (P = 0.1781) and 60% hepatectomy (P = 0.2367), but it was significantly 
higher with 40% SOLT compared to that with laparotomy (P = 0.0159). 

Conclusion Forty percent SOLT is accompanied by not only CIWRI but also shear stress. This 
fatal damage results in increased MMP-9 expression. 

Keywords extended hepatectomy, Pringle maneuver, remnant liver, split liver transplantation, 
small-for-size graft 
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Introduction 

The extracellular matrix (ECM) has important effects on 
inflammation, carcinogenesis and regeneration [1-3]. The 
major components of the ECM include structural proteins 
(such as collagen and elastin), specialized proteins (such as 
fibrillin, fibronectin, andlaminin) and proteoglycans [3]. There 
are diverse types of proteases that control ECM remodeling, 
trigger liver regeneration and drive tumor progression [ 1-3] . 
Among them, serine proteases are involved in the breakdown 
of multiple ECM proteins during various physiopathological 
situations [4] . Matrix metalloproteinases (MMPs) are a family 
of enzymes capable of degrading the constituents of the ECM 
and the basement-membrane. Currently, a total of 28 MMPs 
have been identified [3] . Since almost every MMP has an alias, 
the names of individual MMPs are confusing [3] . MMPs have 
been intensively studied and have been demonstrated to play 
key roles in inflammation, carcinogenesis and regeneration 
[1,2,5-8]. MMPs are also involved in cell signaling and are 
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capable of activating specific cell receptors and growth factors 
or liberating them from the ECM, thereby regulating various 
cell behaviors, such as cell growth, differentiation, apoptosis, 
and migration [9]. 

MMP-9 is important for liver regeneration, and many 
studies have focused on the role of MMP-9 after liver surgery 
[1,2,7-10]. Postoperative liver damage has been confirmed 
from the early postoperative period, and subsequently, 
progressive necrosis occurs [1 1,12]. In the current study, we 
investigated expression of MMPs at the early postoperative 
period in various conditions, such as temporal inflow occlusion 
(Pringle maneuver), orthotopic liver transplantation (OLT), 
partial hepatectomy without the Pringle maneuver and split 
orthotopic liver transplantation (SOLT) with small-for-size 
grafts (SFSGs). 



Materials and Methods 
Animals 

Male Lewis rats (RT-1 1 ), 8-16 weeks old, were used for 
experiments. The experimental protocols were approved by 
the institutional Ethical Committee in accordance with the 
Declaration of Helsinki. Rats were cared for in accordance 
with the Institutional Guidelines for Animal Welfare. 



Temporal clamp of hepatic inflow (Pringle maneuver) 

After general anesthesia and subsequent laparotomy, the 
portal vein and common hepatic artery were skeletonized. 
Clinically, in our institutional criteria, the maximal duration of 
the Pringle maneuver is 15 min during hepatectomy. Therefore, 
in this study, hepatic inflow was temporarily obstructed for 15 
min by an atraumatic vessel clamp [ 13] . Hepatectomy models 
with or without Pringle maneuver were performed to clarify 
the effects of temporal occlusion. 

OLT with a 1 00% syngeneic graft (1 00% OLT) 

Comprehensive techniques of the surgical procedures 
for rat OLT in our institution have been previously described 
in detailed elsewhere [14]. In brief, syngeneic grafts had a 
cold ischemic time of 4 h at 4°C in histidine- tryptophan - 
ketoglutarate solution. To avoid any irrelevant signaling, the 
hepatic artery was reconstructed by ultra-microsurgery in 
this study [14,15]. In the OLT/SOLT model, we previously 
demonstrated the importance of a shortened anhepatic phase 
and exclusion of unreliable samples based on autopsy findings 
[14,15]. In this study, the anhepatic phase was maintained 
within 20 min in each case, and no surgical complications 
were confirmed with sampling at autopsy. 



Extended hepatectomy with a 40% liver remnant 
(60% hepatectomy) 

The rat hepatectomy model has been well established, and 
our surgical procedures have been described in detail elsewhere 
[16]. In brief, partial hepatectomy with a 40% liver remnant 
was performed without any temporal clamp of hepatic inflow. 
To maintain hepatic venous flow of the hepatic remnant, the 
left median and lateral segments remained [14,15]. Inflow 
occlusions were not performed during surgery to clarify the 
effects of shear stress with portal hypertension. 

SOLT with a 40% syngeneic SFSG (40% SOLT) 

Surgical procedures for rat SOLT in our institution have 
been previously described [15] . In brief, syngeneic grafts had 
a cold ischemic time of 4 h at 4°C in histidine-tryptophan- 
ketoglutarate solution. Forty percent SFSGs were made by the 
left median and lateral segments at the back table. To avoid any 
irrelevant signaling, the hepatic artery was reconstructed by 
ultra-microsurgery in this study [14,15]. The anhepatic phase 
was maintained within 20 min in each case, and no surgical 
complications were confirmed with sampling at autopsy. 



Postoperative care 

Each rat was kept separately after surgery, and body 
temperature was maintained by a heating pad. Postoperative 
observation was performed every 30 min until 6 h after surgery, 
and 1.0 mL of warm lactate Ringer's solution was routinely 
administered every 1 h. 



Study design 

Recipient rats were divided into five groups according 
to surgical treatments: (i) laparotomy; (ii) Pringle maneuver 
(temporal clamp); (iii) 100% OLT; (iv) 60% hepatectomy 
without inflow occlusion; (v) 60% hepatectomy with inflow 
occlusion (Pringle maneuver); and (vi) 40% SOLT (Table 
1). Serum samples for AST measurements and liver samples 
for western blotting were collected 6 h after surgery (n = 5 
in each group). 



Biochemical assay and coagulation profile 

Aspartate aminotransferase (AST) was measured. Serum 
level of AST was assessed by commercial kit (SGOT reagent, 
Biotron, Hemet, CA). 



Western blotting 

A primary antibody for MMP-9 (anti-MMP-9, clone 
EP1254, rabbit monoclonal; Millipore, Billerica, MA) was used. 
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Table 1 Study design 

Group Surgery Hepatic volume Inflow Cold ischemia Shear stress 

occlusion Warm reperfusion Portal hypertension 



Laparotomy 

Pringle maneuver 

100%-OLT 

60%-hepatectomy 

60%-hepatectomy 
Pringle maneuver 



100%-native liver 
100%-native liver 
100%-syngeneic graft 
40% -native liver 
40% -native liver 



40%-SOLT 



40% -syngeneic graft 



OLT, orthotopic liver transplantation; SOLT, split orthotopic liver transplantation 



Liver samples were collected, homogenized, and centrifuged 
at high speed for 10 min at 4°C. The supernatant was then 
collected and used for BCA protein determination (BCA 
Protein Assay Reagent, Thermo Fisher Scientific, Rockford, 
IL) and western blot analysis. Forty [ig of protein were 
run on 4-20% tris-glycine gels and transferred onto 0.45 
[im nitrocellulose membranes. The membranes were then 
blocked with 5% nonfat milk made up in a Tris-buffered 
saline solution. After blocking the membranes, they were 
incubated at 4°C overnight with the primary antibody. The 
next day, the membranes were washed three times for 10 min 
with Tris-buffered saline solution and then incubated with 
a peroxidase-conjugated secondary for 1 h, with shaking at 
room temperature. After incubation, the membranes were 
once again washed three times for 10 min with Tris-buffered 
saline solution and then developed using chemiluminescence. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served 
as a control. Signals were quantified by using ImageQuant 5.0 
software (Molecular Dynamics, Sunnyvale, CA). 



with Pringle maneuver (69.8 ± 8.8 U/L, P = 0.0352), 100% 
OLT (160.8 ± 34.2 U/L, P = 0.0172) and 60% hepatectomy 
without Pringle maneuver (155.2 ± 29.4 U/L, P = 0.0212), 
60% hepatectomy with Pringle maneuver (154.0 ± 55.5 U/L, 
P = 0.0251) and 40% SOLT (190.0 ± 56.6 U/L, P = 0.0153) 
compared with that with laparotomy (32.0 ± 6.0 U/L). 



MMP-9 expression in the liver 

The ratio of MMP-9/GAPDH is shown in Figure 2. There 
was no significant differences in the ratio of MMP-9/GAPDH 
with Pringle maneuver (0.916 ± 0.052, P = 0.2324), 100% OLT 
(2.164 ± 1.323, P = 0.2514), 60% hepatectomy without Pringle 
maneuver (1.868 ± 1.133, P = 0.3428) and 60% hepatectomy 
with Pringle maneuver (1.880 ± 1.006, P = 0.3329), but it 
was significantly higher with 40% SOLT (3.251 ± 1.166, P = 
0.0077) compared with that with laparotomy (1.000 ± 0.052). 



Statistical analysis 

The results are presented as mean ± standard deviation. 
The non-parametric test, (Kruskal-Wallis test) was used for 
the comparison of unpaired continuous variables between 
groups. Statistical calculations were performed using SPSS 
Software Version 16.0 (SPSS Inc., Chicago, IL). A p value 
<0.05 was considered statistically significant. 



Results 

Serum level of aspartate aminotransferase 

The serum levels of AST were shown in Figure 1 . There 
were significant differences in the serum levels of AST 



Discussion 

Cold ischemia/ warm reperfusion injury in OLT/SOLT 
and shear stress with portal hypertension in hepatectomy/ 
SOLT trigger a liver regeneration cascade, but they also 
can cause fatal damage in liver remnant/grafts [11,12]. Cell 
signaling involving cell proliferation, differentiation and 
apoptosis is present from the early postoperative period, and 
subsequently, progressive necrosis is observed [11,12]. MMPs 
are zinc- dependent endopeptidases primarily involved in 
ECM degradation and tissue remodeling [ 1,2] . In light of the 
critical roles for MMPs in inflammation, carcinogenesis and 
regeneration, MMPs appear to be ideal targets for investigation 
[1,2,7-10] . It is recognized that MMPs play complex roles, and 
it needs to be determined how to effectively target MMPs for 
therapy. MMP-9 is important for liver regeneration after liver 
surgery [1,2,7-10], and our results of protein expression also 
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Laparotomy Pringle maneuver 

(100%-native liver) (100%-native liver) (100%-syngeneic graft) (40%-native liver) (40%-native liver) (40%-syngeneic graft) 



100%-OLT 60%-hepatectomy 60%-hepatectomy 40%-SOLT 

Pringle maneuver 



Figure 1 Serum level of AST. The serum level of AST is shown. There were significant differences in the serum level of AST with Pringle ma- 
neuver, 100% OLT, 60% hepatectomy, 60% hepatectomy with Pringle maneuver and 40% SOLT compared with that with laparotomy (fP <0.05) 

AST, aspartate aminotransferase; OLT, orthotopic liver transplantation; SOLT, split orthotopic liver transplantation 



showed that MMP-9 plays an important role from the early 
postoperative period, especially in SOLT with SFSGs, which 
are accompanied by the most fatal damage. 

Historically, hepatectomy has had significant 
complications and death resulting from extensive blood loss 
and the corresponding need for massive blood transfusions 



[17,18]. Recent advances in perioperative care [19], and 
improvements in surgical techniques coupled with the 
inclusive understanding of the livers anatomy [20] have 
considerably altered the outcome [21]. Such improvements 
included the use and refinement of controlling hepatic inflow 
(Pringle maneuver) [22]. The Pringle maneuver, applied 




Laparotomy Pringle maneuver 100%-OLT 

(100%-native liver) (100%-native liver) (100%-syngeneic graft) (40%-native liver) (40%-native liver) (40%-syngeneic graft) 



60%-hepatectomy 60% hepatectomy 40%-SOLT 
Pringle maneuver 



Figure 2 Normalized values of MMP-9. The ratio of MMP-9/GAPDH is shown. There were no significant differences in the ratio of MMP-9/ 
GAPDH with Pringle maneuver, 100% OLT, 60% hepatectomy and 60% hepatectomy with Pringle maneuver, but it was significantly higher 
with 40% SOLT compared with that with laparotomy (f P <0.05) 

MMP, matrix metalloproteinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OLT, orthotopic liver transplantation; SOLT, split ortho- 
topic liver transplantation 
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intermittently or continuously remains the most commonly 
used technique to control blood loss during hepatectomy 
However, these techniques carry the risk of inducing inflow 
occlusion to the remnant liver and could potentially lead to 
hepatic failure [23,24]. The risk of damage is considerably 
higher with the use of continuous occlusion [25,26]. Such 
adversity is more prominent when continuous occlusion 
is used in patients with advanced cirrhotic liver [25] and 
when it is applied for more than 1 h [27]. Therefore, the 
intermittent approach has been favorably employed as a 
standard technique for inflow occlusion [25,28] . To clarify 
the effect of temporal occlusion of inflow and subsequent 
reperfusion, in the current study, we employed a temporal 
clamp model with the whole native liver. Our results revealed 
that temporal occlusion showed no increase in MMP-9 at 
the early postoperative period. Currently, temporal occlusion 
(Pringle maneuver) clinically provides an excellent outcome, 
even in hepatectomy [28-30]. Moreover, recent studies have 
shown that continuous or intermittent occlusion following in 
situ liver cooling is useful to improve the outcome [28,31]. 
Therefore, temporal inflow occlusion does not appear to be 
a promising topic in future research, although the safety of 
the Pringle maneuver during more extended hepatectomy 
has the potential to be investigated. 

OLT is an accepted therapy for children and adults with 
end-stage liver disease, and currently provides long-term 
survival and a quality lifestyle. However, cold ischemia 
during organ storage and subsequent reperfusion can severely 
damage a transplanted liver [32]. During cold ischemic 
preservation, the parenchymal cells swell and bleb [32], and 
then Kupffer and endothelial cells trigger the production 
of free radicals after warm reperfusion [32]. This cold 
ischemia/ warm reperfusion injury (CIWRI) is still a major 
cause of morbidity and mortality after OLT due to primary 
graft dysfunction or a non-functioning graft [32]. Warm 
reperfusion triggers a liver regeneration cascade, but also 
causes fatal damage in liver grafts. Currently, strategic 
procedures are required to improve liver tolerance against 
CIWRI. MMP-9 is a potential target for this strategy after 
OLT [1,2,9,10]. Proactive strategies that limit graft damage 
from CIWRI have an advantage for excellent graft function 
after OLT, and a lot of research has focused on MMP-9 in 
OLT [1,2,33]. In the current study, we used the OLT model 
with syngeneic whole-liver grafts, and the expression of 
MMP-9 appeared to be increased, but this was not statistically 
significant. Our results are consistent with previous research 
[1,2], and one possible explanation was a sufficient initial 
graft volume. Our results suggested that a deceased-donor 
liver transplantation (DDLT) with a whole-liver graft is safe, 
and previous reports have shown that whole-liver grafts 
show excellent outcomes compared with those with SFSGs 
[34-36]. Therefore, CIWRI in 100% OLT does not appear 
to be worth further study, although preventive strategies 
for primary graft dysfunction or a non-functioning graft 
should be established [32]. 

Liver resection is considered the standard treatment for 
primary malignant tumors and liver metastases. Currently, 



advanced surgical techniques for hepatectomy and technical 
improvements in the preoperative evaluation of liver function 
have resulted in a decline in perioperative morbidity and 
mortality [19-21]. Extended hepatectomy has an advantage 
of high curability, but increases morbidity and mortality 
compared with more limited resections [37]. The volume of 
the remnant liver is correlated with perioperative morbidity 
and mortality [37] . Shear stress induced by hepatectomy and 
subsequent portal hypertension trigger a liver regeneration 
cascade, and also cause fatal damage in the liver remnant 
[1 1,12]. MMP-9 is crucial for liver regeneration after partial 
hepatectomy [7,8], and many studies have focused on the 
role of MMP-9 after hepatectomy [7,8]. In the current study, 
we used a hepatectomy model with a 40% remnant liver, and 
our results showed that MMP-9 expression was increased but 
this was not statistically significant. One possible explanation 
for this finding is that 40% of the remnant liver (native liver) 
is relatively sufficient after hepatectomy, and a more severe 
model, such as extended hepatectomy with >70% resection, 
may show some significant differences. 

The choice of a left-side graft is preferred from the 
viewpoint of greater donor safety and expanded donor 
candidates in living-donor liver transplantation (LDLT) 
[34,35] . Guaranteed SOLT with successful outcomes resolves 
a donor shortage in DDLT [34,36,38]. A SFSG is defined as 
a ratio of graft weight against standard liver volume <40% 
[34-36] . Therefore, a 40% SFSG is a current issue that needs 
to be addressed. An inevitable insufficiency in graft size 
cannot be avoided in LDLT or SOLT for DDLT. A SFSG in 
LDLT or DDLT (SOLT) is accompanied by not only CIWRI 
but also shear stress with portal hypertension. Therefore, a 
SFSG results in a higher mortality and morbidity after LDLT 
or DDLT (SOLT) [34-36]. In experimental animal models of 
SFSGs, the main early pathological changes include sinusoidal 
congestion, an irregular large gap of sinusoidal lining cells 
and collapse of the space of Disse [39]. The ECM is critical 
for the architecture and integrity of hepatic sinusoids [40]. 
Loss of mechanical support, as a result of MMP-mediated 
digestion of the ECM in the space of Disse, may directly 
contribute to the collapse of sinusoids. Changes in the 
ECM have been reported in studies describing the potential 
implication of MMPs in the process of CIWRI in human 
and experimental liver transplantation [2,41-43]. Damage 
in 40% SFSGs is more fatal than sufficiently sized grafts, 
and our own results clearly showed that MMP-9 expression 
was strongly increased from the early postoperative period. 
Therefore, especially in SOLT with SFSG, MMP-9 is a 
reasonable target for therapeutic strategies from the early 
postoperative period. 

Because of these clinical situations as described above, 
many studies in the liver surgery field have mainly focused 
on shear stress with portal hypertension after hepatectomy/ 
SOLT and CIWRI after OLT/SOLT. The development of 
clinically relevant hepatectomy/OLT/SOLT models have the 
advantage of being reliable for research [14,15,44] . However, 
simulated models of ischemia/reperfusion injury, such as a 
temporal clamp or simple hepatectomy [45,46] , are still used 
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Summary Box 
What is already known: 

• Currently, a total of 28 matrix metalloproteinases 
(MMPs) have been identified. MMP-9 is important 
for liver regeneration, and many studies have focused 
on the role of MMP-9 after liver surgery 

• Postoperative liver damage has been confirmed from 
the early postoperative period, and subsequently, 
progressive necrosis occurs 

• MMP-9 behaviors are still controversial 

What the new findings are: 

• In the current study, we investigated expression 
of MMP-9 at the early postoperative period in 
various conditions, such as temporal inflow occlusion 
(Pringle maneuver), orthotopic liver transplantation 
(OLT), partial hepatectomy without the Pringle 
maneuver and split orthotopic liver transplantation 
(SOLT) with small-for-size grafts (SFSGs) 

• A SFSG is accompanied by not only cold ischemia/ 
warm reperfusion injury (CIWRI) but also shear 
stress with portal hypertension 

• The 40% SFSG is a good possibility for clinical liver 
transplantation 

• Detailed investigation for MMP-9 behaviors may 
be a key 



experimentally for assessing CIWRI after OLT/SOLT, because 
of the technical demands of the real models [14,15,44]. Data 
from pseudo models are clinically irrelevant, and should not 
be translated into the actual clinical field. 

The MMP-9 is produced as an inactive proenzyme. We 
understand that the measurement of MMP9 by Western blot 
is not activity, and that the measurement of enzyme activity 
may differentiate the results. Either an ELISA for MMP-9 
activity, or zymography is required, and we now perform 
these assays to confirm the MMP-9 activities in each group. 

Forty percent SFSGs are clinically important in liver 
regeneration because of the donor shortage of split and 
pediatric grafts in cadaveric donors in the United States and 
Europe, and the shift to left-lobe grafts in a living-donor for 
donor safety in Japan [34,38]. Currently, many transplant 
centers consider SOLT as a routine operation in DDLT [38], 
although an ethical policy for SOLT is still not established in 
some countries. The 40% SFSG is a good possibility for detailed 
investigated for DDLT with SFSG and LDLT with left-lobe 
grafts. Although simulated models of CIWRI are not relevant, 
real SOLT models with hepatic arterial reconstruction, which 
can provide relevant clinical data without any bias, are now 
available [14,15]. 



Conclusions 

The question can be asked: "What direction should liver 
research for ischemia/reperfusion injury take in the next 
decade?" We consider that it is important to focus on the 
40% SFSG as the next frontier of research in both clinical 
and experimental studies. 



Acknowledgment 

This work was partially supported by grants to T. Hori from 
the Japan Society for the Promotion of Science (a Grant-in- 
Aid for Scientific Research, No. C20591523) and the Uehara 
Memorial Foundation (No. 200940051, Tokyo, Japan). 



References 

1 . Defamie V, Laurens M, Patrono D, et al. Matrix metalloproteinase 
inhibition protects rat livers from prolonged cold ischemia- warm 
reperfusion injury. Hepatology 2008;47:177-185. 

2. Ma ZY, Qian JM, Rui XH, et al. Inhibition of matrix 
metalloproteinase- 9 attenuates acute small-for-size liver graft 
injury in rats. Am J Transplant 2010;10:784-795. 

3. Hua H, Li M, Luo T, Yin Y, Jiang Y. Matrix metalloproteinases 
in tumorigenesis: an evolving paradigm. Cell Mol Life Sci 
2011;68:3853-3868. 

4. Friedl P, Wolf K. Tube travel: the role of proteases in individual 
and collective cancer cell invasion. Cancer Res 2008;68:7247-7249. 

5. Kireva T, Erhardt A, Tiegs G, et al. Transcription factor Fra-1 
induces cholangitis and liver fibrosis. Hepatology 2011;53:1259- 
1269. 

6. Shi GM, Ke AW, Zhou J, et al. CD 151 modulates expression of 
matrix metalloproteinase 9 and promotes neoangiogenesis and 
progression of hepatocellular carcinoma. Hepatology 2010;52:183- 
196. 

7. Mei Y, Thevananther S. Endothelial nitric oxide synthase is a 
key mediator of hepatocyte proliferation in response to partial 
hepatectomy in mice. Hepatology 2011;54:1777-1789. 

8. Olle EW, Ren X, McClintock SD, et al. Matrix metalloproteinase- 9 
is an important factor in hepatic regeneration after partial 
hepatectomy in mice. Hepatology 2006;44:540-549. 

9. Overall CM, Lopez-Otin C. Strategies for MMP inhibition 
in cancer: innovations for the post-trial era. Nat Rev Cancer 
2002;2:657-672. 

10. Hu J, Van den Steen PE, Sang QX, et al. Matrix metalloproteinase 
inhibitors as therapy for inflammatory and vascular diseases. Nat 
Rev DrugDiscov 2007;6:480-498. 

11. Rudich N, Zamir G, Pappo O, et al. Focal liver necrosis appears 
early after partial hepatectomy and is dependent on T cells and 
antigen delivery from the gut. Liver Int 2009;29:1273-1284. 

12. Mitchell C, Willenbring H. A reproducible and well- tolerated 
method for 2/3 partial hepatectomy in mice. Nat Protoc 
2008;3:1167-1170. 

13. Yamagami K, Yamamoto Y, Kume M, et al. Formation of 8-hydroxy- 
2'-deoxyguanosine and 4-hydroxy-2-nonenal-modified proteins 
in rat liver after ischemia-reperfusion: distinct localization of 
the two oxidatively modified products. Antioxid Redox Signal 
2000;2:127-136. 

14. Hori T, Nguyen JH, Zhao X, et al. Comprehensive and innovative 



Annals of Gastroenterology 25 



MMP-9 expressions in liver surgery 351 



techniques for liver transplantation in rats: a surgical guide. World 
J Gastroenterol 2010;16:3120-3132. 

15. Hori T, Uemoto S, Zhao X, et al. Surgical guide including 
innovative techniques for orthotopic liver transplantation in 
the rat: key techniques and pitfalls in whole and split liver grafts. 
Ann Gastroenterol 2010;13:270-295. 

16. Yamamoto C, Yagi S, Hori T, et al. Significance of portal venous 
VEGF during liver regeneration after hepatectomy. / Surg Res 
2010;159:e37-e43. 

17. Rosen CB, Nagorney DM, Taswell HF, et al. Perioperative blood 
transfusion and determinants of survival after liver resection for 
metastatic colorectal carcinoma. Ann Surg 1992;216:493-504. 

18. Dixon E, Vollmer CM, Jr., Bathe OF, et al. Vascular occlusion 
to decrease blood loss during hepatic resection. Am J Surg 
2005;190:75-86. 

19. Miyagawa S, Makuuchi M, Kawasaki S, et al. Criteria for safe 
hepatic resection. Am J Surg 1995;169:589-594. 

20. Couinaud C. Liver anatomy: portal (and suprahepatic) or biliary 
segmentation. Dig Surg 1999;16:459-467. 

2 1 . Jarnagin WR, Gonen M, Fong Y, et al. Improvement in perioperative 
outcome after hepatic resection: analysis of 1,803 consecutive 
cases over the past decade. Ann Surg 2002;236:397-406. 

22. Smyrniotis V, Farantos C, Kostopanagiotou G, et al. Vascular 
control during hepatectomy: review of methods and results. 
World J Surg 2005;29:1384-1396. 

23 . Jaeschke H. Mechanisms of reperfusion injury after warm ischemia 
of the liver. / Hepatobiliary Pancreat Surg 1998;5:402-408. 

24. Teoh NC, Farrell GC. Hepatic ischemia reperfusion injury: 
pathogenic mechanisms and basis for hepatoprotection. / 
Gastroenterol Hepatol 2003;18:891-902. 

25. Belghiti J, Noun R, Malafosse R, et al. Continuous versus 
intermittent portal triad clamping for liver resection: a controlled 
study. Ann Surg 1999;229:369-375. 

26. Hewitt G, Halliday I, McCaigue M, et al. Mortality, endotoxaemia 
and cytokine expression after intermittent and continuous hepatic 
ischaemia. Br J Surg 1995;82:1424-1426. 

27. van Gulik TM, de Graaf W, Dinant S, et al. Vascular occlusion 
techniques during liver resection. Dig Surg 2007;24:274-281. 

28. Wang CC, Yap AQ, Chen CL, et al. Comparison of major 
hepatectomy performed under intermittent Pringle maneuver 
versus continuous Pringle maneuver coupled with in situ 
hypothermic perfusion. World J Surg 2011;35:842-849. 

29. Figueras J, Llado L, Ruiz D, et al. Complete versus selective 
portal triad clamping for minor liver resections: a prospective 
randomized trial. Ann Surg 2005;241:582-590. 

30. Gertsch P, Vandoni RE, Pelloni A, et al. Localized hepatic 
ischemia after liver resection: a prospective evaluation. Ann 
Surg 2007;246:958-964. 

31. Kim YI, Hwang YJ, Lee JW, et al. 101 hepatectomies under 
continuous inflow occlusion following simple in-situ liver cooling 



in patients with chronic liver diseases. Hep ato gastroenterology 
2004;51:1093-1098. 

32. Lemasters J, Bunzendahl H, Thurman R. Preservation of the liver. 
In: Maddrey W, Sorrell M, editors. Transplantation of the liver. 
Second edition ed., East Norwalk: Appleton & Lange; 1995, p. 
297-321. 

33. Padrissa-Altes S, Zaouali MA, Franco-Gou R, et al. Matrix 
metalloproteinase 2 in reduced-size liver transplantation: beyond 
the matrix. Am J Transplant 2010;10:1167-1177. 

34. Hori T, Uemoto S, Gardner LB, Sibulesky L, Ogura Y, Nguyen JH. 
Left- sided grafts for living- donor liver transplantation and split 
grafts for deceased-donor liver transplantation: their impact on 
long-term survival. Clin Res Hepatol Gastroenterol 2012;36:47-52. 

35. Ogura Y, Hori T, El Moghazy WM, et al. Portal pressure < 15 mm 
Hg is a key for successful adult living donor liver transplantation 
utilizing smaller grafts than before. Liver Transpl 2010;16:718-728. 

36. Wang F, Pan KT, Chu SY, et al. Preoperative estimation of the liver 
graft weight in adult right lobe living donor liver transplantation 
using maximal portal vein diameters. Liver Transpl 201 1;17:373- 
380. 

37. Bachellier P, Rosso E, Pessaux P, et al. Risk factors for liver failure 
and mortality after hepatectomy associated with portal vein 
resection. Ann Surg 2011;253:173-179. 

38. Emre S, Umman V. Split liver transplantation: an overview. 
Transplant Proc 2011;43:884-887. 

39. Man K, Lo CM, Ng IO, et al. Liver transplantation in rats using 
small-for-size grafts: a study of hemodynamic and morphological 
changes. Arch Surg 2001;136:280-285. 

40. Schuppan D. Structure of the extracellular matrix in normal 
and fibrotic liver: collagens and glycoproteins. Semin Liver Dis 
1990;10:1-10. 

41. Upadhya AG, Harvey RP, Howard TK, et al. Evidence of a role 
for matrix metalloproteinases in cold preservation injury of the 
liver in humans and in the rat. Hepatology 1997;26:922-928. 

42. Upadhya GA, Strasberg SM. Glutathione, lactobionate, and 
histidine: cryptic inhibitors of matrix metalloproteinases contained 
in University of Wisconsin and histidine/tryptophan/ketoglutarate 
liver preservation solutions. Hepatology 2000;31:1 1 15-1 122. 

43. Kuyvenhoven JP, Verspaget HW, Gao Q, et al. Assessment of 
serum matrix metalloproteinases MMP-2 and MMP-9 after 
human liver transplantation: increased serum MMP-9 level in 
acute rejection. Transplantation 2004;77:1646-1652. 

44. Madrahimov N, Dirsch O, Broelsch C, et al. Marginal hepatectomy 
in the rat: from anatomy to surgery. Ann Surg 2006;244:89-98. 

45. Kuriyama N, Duarte S, Hamada T, Busuttil RW, Coito AJ. 
Tenascin-C: a novel mediator of hepatic ischemia and reperfusion 
injury. Hepatology 201 1;54:2 125-2 136. 

46. Hamada T, Fondevila C, Busuttil RW, et al. Metalloproteinase- 9 
deficiency protects against hepatic ischemia/reperfusion injury. 
Hepatology 2008;47:186-198. 



Annals of Gastroenterology 25 



